INTRODUCTION
Streamwise, counterrotating helical vortices are a frequently occurring organized structure in turbulent flows and have been observed in both laboratory and geophysical boundary layers. In the laboratory, the most familiar helical circulations are Taylor vortices, the fundamental form of instability in rotating Couettc flow, that is, flow between concentric cylinders rotated at different rates. A special case of Taylor vortices, called GSrtler vortices, occurs in the boundary layer of flow along a concavely curved wall. Townsend [1970] found that the dominant eddies in inhomogeneous shear flow could be described as a vortex pair, inclined at an angle to the mean flow direction.
In an analysis of secondary circulations in wind tunnel boundary layers, Townsend[1976] found that periodic crossflow variations in surface stress could also be responsible for secondary circulations: vortices were sustained when the ratio of roughness variation wavelength to mean boundary layer thickness was less than approximately 4.2. Longer wavelengths induced negative secondary circulation growth rates. Those results were confirmed both experimentally and theoretically by McLean [1981] , who used transversely alternating bed roughness in a flume to induce secondary flows. He observed peak secondary circulation amplitudes when the ratio of rough strip separation to water depth was 4. In an investigation of the boundary layer over a plate with ! Now at Marine Science Section, U.S. Coast Guard Academy, New London, Connecticut.
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0148-0227/89/89JC-00416505.00 a free edge along the mean flow direction, Elder [1960] found that vortices were formed near the free edge as a product of differential stress, with the main vorticity concentrated above the free edge. The associated circulation extended to about two boundary layer thicknesses above the plate. Geophysical examples of counterrotating helical vortex circulations include the common Langmuir circulation in the wind-driven boundary layer below the sea surface. The generation mechanism for Langmuir cells is apparently different from that of the other vortices we have described: it is thought to be wave-induced Stokes drift combined with current shear [Leibovich, 1983] . This mechanism is not available in turbulent boundary layers over a fixed surface; nevertheless longitudinal vortex rolls form in the boundary layer at the base of the atmosphere. "Cloud streets" are commonly seen in satellite photographs, indicating uplift-induced convection and condensation. The most complete work on these atmospheric secondary circulations [Brown, 1970] models the rolls as an equilibrium perturbation of the primary flow, the amplitude determined by the energy balance. Brown [1970] relates the appearance of secondary circulations, in part, to changes in bed roughness. For example, the change in surface roughness caused by wind passing from sea to shore can cause secondary circulations to form.
Uantwell
Tho bottom. boundary layer (BBL) has similar dynamics to the atmospheric surface layer, though buoyancy forces are generally much less ixnportant in the BBL case. But despite the thorough documentation of atmospheric secondary circulations, very little is known about secondary flows in the BBL of seas or lakes. Sedimentologists [e.g., Flood, 1978, 9721 1983] have suggested that these secondary circulations exist and are related to the appearance or maintenance of bed forms such as furrows and sand ribbons seen on the bed in regions of moderately fast and directionally steady currents. In this paper we examine the BBL in a region of sedimentary furrows. From the records of a pair of profiling current meters, we document the structure of the BBL and analyze simultaneous profiles to study secondary circulations. The relationship between these circulations and thermal stratification, bottom stress, flow speed, and Richardson number is examined, and streamwise vorticity of the circulations is determined.
METHOD
Two Mark III Cyclesondes were deployed in the midst of a known sedimentary furrow field at 100 m depth in Lake Superior in fall 1985. The Cyclesonde is a vertically profiling current meter, which rises and falls at set times on a taut wire mooring. It records the numbers of rotations of two horizontally mounted Aanderaa rotors during a set time interval, together with spot samples of temperature, pressure, instrument heading, instrument pitch, and several internal variables at the end of the interval. The instrument pivots freely about the mooring and is oriented by the current so that the rotor axes are perpendicular to the flow direction. The heading of the instrument then gives the current direc- Table  1 gives a summary of the moorings. Note that the northern Cyclesonde (designated N) profiled for 6 days, while the southern Cyclesonde (designated S)continued profiling for a further 24.
In this deployment, a complete profiling cycle consisted of two profiles and lasted 6 hours. Take, for example, a cycle beginning at 0200 eastern standard time (EST). At The Lake Superior furrow field is well documented [Flood and Johnson, 1984; Flood, 1983 Flood, , 1989 The profiling interval was one profile every 3 hours, beginning at 0200, 0500, 0800, etc., EST. The sample interval was 60 s for the first 30 min of the profiling hours; otherwise, it was 252 s. Spectral estimates for near-bottom scalar speed were determined from record S using the full 32 days duration (Figure 4) . Because of the gaps in the record caused by the transit of the instrument, two separate spectra were calculated using different treatments of the data. The 102 periods where the instrument rested on the bottom stop provided 102 high-frequency (6 x 10 -5 to 2 x 10 -3 Hz) periodograms which were ensemble averaged. This highfrequency spectrum is nearly white, with variability increasing toward higher frequencies. The low-frequency spectrum was estimated using the near-bottom hourly speeds. In the 2 x 10 -6 to 2.3 x 10 -5 Hz band, 21 periodograms were obtained and averaged. The resulting spectrum shows a fiat region from 6 to 1.8 days and a sharp drop at shorter periods. There are no tidal or inertial peaks in the spectrum.
The high-frequency spectrum is relevant to the choice of time interval used in forming averages. It is desirable to pick an averaging interval which is considerably larger than the time scale of motions in the logarithmic layer [Bowden, 1978] . We choose an averaging interval of 25.2 min, corresponding to 6 times the sampling interval of 252 s, as there is a local spectral minimum at the frequency (6.6 x 10 -4 Most of the reported furrows are found in the deep sea, where density stratification sometimes plays a role in controlling boundary layer thickness but generally has little influence on the friction velocity. The conditions at our study site were not typical in that strong thermal stratification provided limits to both boundary layer thickness and bottom stress, the thermal gradient being significant even close to the lake bed. In the atmospheric case, unstable stratification and the resulting convection play an important role in the development of the secondary circulation [Brown, 1970] .
Nevertheless, it appears from our observations that these circulations can also form in flows with significant stable stratification.
We do not believe that the furrows are necessary for the formation of these streamwise vortices in the BBL, but furrows may strengthen the vortices and "lock" their positions by cross-stream changes in turbulent intensity. As previously discussed (section 1), streamwise counterrotating vortex circulation is a frequent form of instability leading to turbulence. Brown [1970] 
